Abstract: A series of cationic perfluoralkyl acrylate copolymer latices were prepared by two-stage emulsifier-free emulsion polymerization method. Perfluoroalkylethyl acrylate (FEA) and [2-(methacryloxy)ethyl] trimethyl ammonium chloride (DMC) were used as fluoromonomer and cationic monomer, respectively. The structure and composition of copolymer were characterized by Fourier transform infrared (FTIR) and differential scanning calorimetry (DSC). Thermal stability of copolymer latex film was investigated by thermogravimetic analysis (TGA). The relationships of polymerization conditions between the conversion and coagulation ratio were discussed in detail and the optimal polymerization condition was identified. The water and oil repellency performance of perfluoralkyl acrylate copolymer latices applied to textiles is significantly investigated. Increasing the FEA amount in the emulsion will lead to increase in the contact angle and water and oil repellency on cotton fabrics. When the FEA dosage was 3.9%, the static contact angles of water and liquid paraffin on the surface of cotton fabrics treated were 142.5° and 126.5°, respectively.
Introduction
The fluorine-containing polymers have attracted much attention in the recent years due to their unique properties in heat resistance, oxidation resistance, weather resistance and the like [1] [2] [3] [4] [5] . The fluorine-containing compounds are used as, for example, the water-and oil-repellent agents and soil release agent by utilizing the properties. The fluorine-containing compounds have low free energy, excellent inertness to solvents, hydrocarbons, acids, alkalis and moisture adsorption can be considered as the advantages due to the low polarizability and the strong electronegativity of the fluorine atom [6] [7] [8] [9] [10] [11] . Consequently, the fluorine-containing polymers have a wide-range of applications in modern industry [6, 11] , especially as surface coating agents for textile, paper and leather [1, 8, 10, [13] [14] [15] .
various matrices [16] . Therefore, the investigations on fluorine-containing polymers emulsion, especially on fluorine-containing (meth)acrylate emulsion have attracted many researchers. There are various approaches for preparing fluorine-containing (meth)acrylate emulsion, such as the traditional emulsion polymerization [1, 2, 7, 8, 13, 14, [17] [18] [19] [20] , the seeded emulsion polymerization, core-shell emulsion polymerization [10, 12, [21] [22] [23] [24] [25] , and miniemulsion copolymerizations [26] .
Whereas, the emulsifiers used in polymerization are usually low molar mass molecules and hence have high mobility. These emulsifiers could migrate to the interface between polymer and solid substrate, which leads to a poor adhesion of polymers on substrates. In addition, the residual emulsifiers in the products would have negative effects on the properties of materials and environment. In order to avoid the disadvantage attempts have been made by some researchers to explore emulsifier-free latices [12, 22, 27] . Compared with the conventional emulsion polymerization, the emulsifier-free emulsion polymerization provides one or more of the following advantages: no emulsifier migration during film formation, monodisperse particle size distribution and excellent shear stability. Simultaneously, the technique of core-shell emulsion polymerization relies on compatibility between the first-stage polymer and the monomer, and thus is restricted to monomers with low fluorine content. Nevertheless, there are special applications of emulsion-free latex (EFL) in many fields. A low concentration of EFL (up to 10 wt%) can be used as calibration standards for model colloids; a high polymer concentration of EFL (about 50 wt%) can satisfy industrial purposes such as adhesives and coatings. Accordingly, emulsifier-free latices of fluorinated polyacrylate can be expected to be potentially a practical method in preparing environment friendly fluorinated acrylic copolymers with excellent properties.
In this paper, a series of cationic perfluoralkyl acrylate copolymer latices were synthesized with perfluoroalkylethyl acrylate used as fluoromonomer and [2-(methacryloxy)ethyl] trimethyl ammonium chloride (DMC) used as cationic monomer by a two-stage emulsifier-free emulsion polymerization method. The polymerization conditions were discussed in detail. The structure of copolymer and thermal stability properties of latex films were respectively studied by Fourier transform infrared (FTIR) spectrometry, differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The water and oil repellent properties of these perfluoralkylacrylate copolymer latices used as textile finishing agents on the cotton fabrics were investigated by static contact angle measurement.
Results and Discussion

Structure and composition of polymer
The chemical structure of sample 3 prepared under the optimal polymerization condition were detected by Fourier transform infrared (FTIR) spectrometry and the results are presented in Fig. 1 . The characteristic stretching vibration peaks of C=O group in ester and amide groups were strongly shown at 1727.49 cm -1 and 1664.52 cm -1 , respectively. The absorption peak at 1450 cm -1 is attributed to the distortion vibration of C-H (CH 2 ). The charact eristic stretching peaks of C-H (CH 3 ) is shown at 2950 cm , 1075.89 cm -1 are attributed to the stretching vibration of C-F bonds. The characteristic absorption of the C=C bond at 1640 cm -1 disappeared, indicating that the monomers had polymerized. It was noteworthy that the unreacted monomers were a few and had evaporated during film formation, so their characteristic peaks did not appear in the FTIR spectrum. All these results of FTIR analysis indicate that perfluoralkylacrylate monomer FEA can be successfully introduced into the latex particles as desired through emulsifier-free seeded emulsion polymerization. Figure 2 presents the T g curve of Sample 3. Only one glass transition temperature appeared on the curve, indicating that a random fluorinated acrylate copolymer was obtained.
Polymerization condition
-Effect of DMC amount DMC is a cationic comonomer and easy to homopolymerize or copolymerize with acrylate monomers. DMC can be used to prepare cationic polymer with various molecular weight, which has strong polarity. DMC shows three following extraordinary characteristics: First, ion groups in DMC are strongly hydrophilic, which results in the formation of thick water layers on the latex particle surface, and thus, the coagulation is inhibited. Secondly, DMC can endow positive charges on the surface of latex particles and form double electric lays, which benefits the stability of latex particles and associability with fiber. Finally, the steric effect of DMC can prohibit the latex particles to come close to each other, which provide a spatial stability factor. Figure 3 illuminates the effects of DMC amount on the conversion and coagulation ratio. With the DMC amount increasing, the conversion increased at first and then decreased, the coagulation ratio decreased at first and then increased. When the DMC amount was too small, its amount was not enough to maintain the polymerization stability, so there were many coagulates produced during polymerization progress, which caused a low conversion. The polarity of copolymers and the hydrophilic property of the surfaces of latex particles increased with increasing DMC amount, so the interaction coeffcient of latex particles decreased which could increase the conversion and decrease the coagulation ratio. On the other hand, DMC has a trend to self-polymerize at a high amount, which resulted in an increasing of latex particle size. Thus, the conversion decreased and coagulation ratio increased accordingly. Under these two contrary effects, when the DMC amount was 1.25%, the highest conversion and the lowest coagulation ratio were obtained. Thus, the optimal DMC amount was 1.25% in this system.
-Effect of AM amount
The introduction of hydrophilic monomer in emulsifier-free polymerization system benefits equalization of the polymerization progress and products stability. The hydrophilic monomer could incorporate hydrophilic groups into the hydrophobic chain of polymer. In the progress of latex forming, the hydrophobic segment of macromolecule chain aggregate to form the particle center, the hydrophilic groups distribute on the particle surface and array towards water molecule, which endow the system stability. Simultaneously, with increasing amount of the hydrophilic monomer, the content of short-chain polymers with surface activity increase, which is conducive to latex stability.
In our experiment, acrylamide (AM) is used as hydrophilic monomer. Figure 4 illustrates that the effect of AM amount on the conversion and coagulation ratio are similar as those of DMC amount. With increasing AM amount, the hydrophilic property of the surfaces of latex particles increased, so the conversion increased and coagulation ratio decreased. On the other hand, the system viscosity increased with an increase in AM amount, so the conversion decreased and coagulation ratio increased, accordingly. Clearly, too high AM amount did not benefit the emulsion polymerization. Thus, the AM amount was optimal at about 2.5% for this system. Coagulation ratio(wt%) Fig. 4 . The effects of AM amount on conversion and coagulation ratio.
Thermal stability
The thermal stability of copolymer was analyzed by the thermogravimetic analysis (TGA) .The thermogravimetric curves of the latex films without fluorine and with fluorine (Sample 3) are shown in Fig. 5 (a) and (b), respectively. From Fig.6 , the latex film of Sample 3 began to decompose at 397 0 C, whereas,the decomposition of the latex film without fluorine began at 365 0 C. Only with a few fluoromonomer, the decomposition temperature enhanced 32 0 C, indicating that the thermal stability of the latex film was significantly modified. This phenomenon was attributed to long-chain perfluoroalkyl groups of FEA. The perfluoroalkyl chain containing six or more CF 2 units had high bond energy, which suffciently shielded and protected the main-chain beneath the fluorinated segment [16] .
This indicates that perfluoralkylacrylate copolymer latex film have excellent thermal property, which is attributed to the perfluoralkyl introduced into the long-chain of acrylate copolymer. The C-F bond in perfluoralkyl has high bond energy and shielding effect on main-chain [16] . 
Water repellency and oil repellency
Due to the low surface energy of fluorinated polyacrylates, it is easy to spread to form a thin film on the fiber substrate with high energy. Consequently, the micromorphology and performance of fiber surface covered by fluorinated polyacrylates are bound to change. Figure 6 shows the surface structure of the fiber treated by fluorinated polymer. The latex films adhere to the fiber surface, which result in changes of the fabric surface properties such as static contact angles and hygroscopicity. And thus, the fiber substrate displays excellent water/oil repellency and anti-fouling performance without impairing the permeability of textiles to air or modifying the hand of the fabric.
From Figure 7 , we found that the treated cotton fabric has a larger water and liquid paraffin contact angle even when the FEA content was less than 3%. With increasing of FEA amount in the solution, the static contact angles of water and liquid paraffin on the cotton fabric treated increased. However, with the increasing of the FEA amount more and more, the water and liquid paraffin contact angle did not exhibit evident increase. In conclusion, 3.9% FEA content was appropriate for increasing water and oil repellency a t the same time. 
Conclusions
Cationic perfluoralkylacrylate copolymer latices was successfully prepared by two-stage emulsifier-free emulsion polymerization. The optimal polymerization condition was 1.25% DMC and 2.5% AM. The results of FTIR and DSC proved that the random perfluoralkyl acrylate copolymer was obtained. With the FEA amount increased, the static contact angles on the surface of cotton fabrics increased. By using 3.9% FEA, the static contact angles of water and liquid paraffin on the surface of cotton fabrics treated were 142.5° and 126.5°, respectively. ) and 2,2-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044, 97% , Scheme 1) were, respectively, obtained from Zhejiang Dongyue Chemical Co.,Ltd.of China and Shanghai Huarun Chemical Co.of China, and were used as initiator which were purified by recrystallization. Deionized water was used in all the preparation and characterization process. 
Experimental part
Materials
Synthesis of cationic perfluoralkylacrylate copolymer latices
Thirteen recipes for the synthesis of cationic perfluoralkylacrylate copolymer latex are listed in Table 1 . The emulsifier-free emulsion polymerization was performed by two-stages.
In the first stage, copolymerizations of FEA with St, BA, DMC and AM were carried out in N-methyl pyrrolidone solution with AIBN (1%, based on the total weight of monomers) using a 250 mL three-neck flask equipped with a mechanical stirrer, a reflux condenser tube and a centigrade thermometer. The flask was placed in water bath at 80 0 C with a stirring rate of 300 rpm. The first-stage reaction was maintained at 80 0 C for about 3 h. A cationic fluorine-containing surfactant with high reactivity was Synthesized. The chemical backbone structure of the copolymer is as described in Scheme 2.
Tab. 1. Recipes and properties of the perfluoralkylacrylate copolymer latexes. Sample  1  2  3  4  5  6  7  8  9  10  11  12  13  FEA  3  3  3  3  3  3  3  3  3  1  2  4 Scheme 2. Chemical backbone structure of the perfluoralkylacrylate copolymer.
In the second stage, deionized water was slowly added to the flask. After stirring for additional 10 min, the VA-044 aqueous solution was dropped into the above flask in the range of 40 min. Then the temperature was raised to 85 0 C and maintained at this temperature for 3 h. The resulting latex was cooled to room temperature. Thus, a milky white and blue fluorescence emulsion was obtained, namely, the cationic perfluoralkylacrylate copolymer latices.
Characterization of copolymers
Surface tension measurements were made with XJZ-200 Automatic Tensiometer (Chengde Jinjian Detecting Instrument Co.,Ltd.China) at 25 0 C. Appropriate solutions with different recipes were prepared and measurements were performed at least 24 h after preparation of solutions.
Solid content and total conversion were measured by gravimetric analysis. A certain quantity of emulsion was cast into a Petri dish and dried to a constant weight in a dry oven at 75 0 C. Solid content and total conversion, respectively, were calculated by the following formulas:
where W 0 is the weight of the Petri dish, W 1 and W 2 are the weight of latex before and after drying to a constant weight, respectively.
where W 3 is the total weight of all the materials put in a flask in each polymerization, W 4 is the weight of materials that cannot volatilize when drying, and W 5 is the total weight of monomers.
Coagulates in latices were filtered by filter mesh-work (100M), washed by deionized water, and dried to a constant weight in an oven at 75 0 C. The coagulation ratio was calculated by the formula (3):
where W 6 is the weight of dried coagulate, and W 7 is the total weight of all the monomers. The coagulation ratio was used to evaluate the polymerization stability. The larger the value of coagulation ratio, the worse is the polymerization stability.
Film formation and characterization
The copolymer films for the analysis were prepared by pouring 5 mL copolymers latices on teflon plates (6×6 cm 2 ) cleaned by deionized water and acetone. The films were allowed to dry in an oven for 48 h at 50 0 C and then the dried films were annealed for 24 h at 80 0 C before subsequent analysis. The thickness of the latex films was determined by a vernier caliper.
Fourier transform infrared (FTIR) spectra of KBr powder pressed pellets were recorded in the range from 4000 to 500 cm -1 on a EQUINX55 FTIR spectrometer (Bruker Co.,Germany).
Differential scanning calorimetry (DSC) measurements were made with a Q1000 DSC differential scanning calorimeter (TA Co.,USA). Before measurement samples were dried in vacuum for 48 h. Samples were analyzed in closed aluminium cups. Measurements were made in the heating range from -100 to 180 
Treating of the cotton fabric
To examine the water and oil (liquid paraffin) repellency of perfluoralkylacrylate copolymer latices when applied to textiles, some samples were prepared using various recipes. The tests were conducted on cotton fabric. The cotton fabric were treated by padding 0.5% test solutions followed by drying at 100 0 C for 5 min and curing at 170 0 C for 3 min.
Measurement of static contact angles
Static contact angles (CAs) of water and liquid paraffin on the cotton fabric treated by emulsifier-free perfluoralkyl acrylate copolymer latex were measured by the sessile drop method with a microsyringe at room temperature, using a JC2000A contact angle goniometer (Shanghai Zhongchen Powereach Co., China). Ten contact angles on different areas of a sample surface were averaged to get a reliable value for each sample.
